Irradiation of matter with light tends to electronically excite atoms and molecules, with subsequent relaxation processes determining where the photon energy is ultimately deposited and electrons and ions produced. In weakly bound systems, intermolecular Coulombic decay 1 (ICD) enables very efficient relaxation of electronic excitation through transfer of the excess energy to neighbouring atoms or molecules that then lose an electron and become ionized [2] [3] [4] [5] [6] [7] [8] [9] . Here we propose that the emission site and energy of the electrons released during this process can be controlled by coupling the ICD to a resonant core excitation. We illustrate this concept with ab initio manybody calculations on the argon-krypton model system, where resonant photoabsorption produces an initial or 'parent' excitation of the argon atom, which then triggers a resonant-Auger-ICD cascade that ends with the emission of a slow electron from the krypton atom. Our calculations show that the energy of the emitted electrons depends sensitively on the initial excited state of the argon atom. The incident energy can thus be adjusted both to produce the initial excitation in a chosen atom and to realize an excitation that will result in the emission of ICD electrons with desired energies. These properties of the decay cascade might have consequences for fundamental and applied radiation biology and could be of interest in the development of new spectroscopic techniques.
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Since its prediction 1 in 1997, ICD has been successfully investigated in a variety of systems 7 . It usually proceeds on a femtosecond timescale and becomes faster the more neighbours are present, often dominating most of the competing relaxation processes. ICD remains effective over considerable interatomic distances: in He dimers, the weakest bound systems known in nature, it is operative over distances of about 45 times the atomic radius 8, 9 . The initial electronic excitation triggering ICD may be produced directly by photoabsorption, electron impact or even ion impact, as demonstrated recently 10 . It can also result from multistage processes such as Auger decay [11] [12] [13] , with the overall Auger-ICD cascade initiated by core ionization of an atom (typically through X-ray absorption) that is part of a more complex system. In this case, however, there is little control over where exactly the Auger decay is triggered and where the subsequent ICD takes place. Indeed, in a polyatomic system, all atoms with core-ionization potentials below the energy of the impacting photon may become ionized and undergo an Auger transition.
Our proposal for realizing ICD with control over both the location of the process and the energies of the emitted ICD electrons exploits resonant Auger decay 14 . It uses photons with an energy just below the core-ionization threshold of a selected atom in a larger system, so that at a number of discrete energies the core electron will resonantly absorb the photon and be promoted to some bound, unoccupied orbital to give a highly energetic, core-excited state that can decay through the emission of an Auger electron. In this process, a valence electron fills the initial vacancy and another valence electron is ejected into the continuum, while the initially excited electron remains a spectator. This 'spectator resonant Auger' mechanism produces highly excited valenceionized states (known as photoionization satellite states). The alternative, 'participator', process, in which the initially excited electron participates in the decay, is usually the much less efficient de-excitation pathway of core excitations.
As sketched in Fig. 1 , the resonant Auger decay transforms the initially core-excited species into an excited, valence-ionized state with an excess energy of typically a few tens of electronvolts; the latter can then transfer its excess energy to the environment by continuing to decay electronically through ICD. In contrast to Auger-driven ICD, this resonantAuger-driven ICD (RA-ICD) offers control over key features of the ICD process. First, in a given environment, the energy of emitted ICD electrons depends sensitively on the energies and populations of the states produced by resonant Auger decay, which in turn depend on the nature of the parent, core-excited state. This offers the possibility of varying the energetic composition of the ICD spectra in a controlled manner by adjusting the energy of the initiating, high-energy photon to resonantly excite the particular parent state that will produce the desired ICD electrons. Second, the initial parent core excitation can be placed selectively not only on chemically different atoms but also on identical atoms occupying non-equivalent sites in the system. (This selectivity stems from the different chemical shifts the atoms experience in different chemical environments and is used in near edge X-ray absorption fine structure spectroscopy to study, for example, the bonding in biologically relevant organic molecules 15 .) And because the resonant Auger decay tends to be local and to populate excited valence-ionized states with two holes localized predominantly on the atom bearing the initial excitation 16 , the subsequent ICD will mostly ionize the environment in the vicinity of the parent core excitation (Fig. 1b) . In other words, the site where the ICD electrons are produced can be selectively chosen.
We illustrate the RA-ICD cascade for ArKr, a simple system that allows for a particularly clear illustration of the processes involved. Here RA-ICD can be initiated using a photon energy of 246. 51 (Fig. 2a) exhibiting a pronounced peak between 0 and 1 eV and a weaker peak between 2 and 4 eV (see Methods for details of the computational scheme). Following the ICD, Ar 1 and Kr 1 will repel each other, resulting in a dissociation process known as a Coulomb explosion, which endows the ions with ,3.7 eV of kinetic energy.
On increasing the energy of the X-ray photon by just 0.4 eV to 246.93 eV, the 2p {1 3=2 3d parent state of Ar is excited. The resonant Auger decay of this core excitation populates a completely different band of excited states of Ar 1 , but these can also all decay further by ICD (Methods). In this case, the spectrum of the emitted electrons (Fig. 2b) consists of one peak between 3 and 5 eV and another between 6 and 8 eV. We see that two different core excitations of the same atom result in very different energy distributions of the emitted ICD electrons, illustrating the potential to control the energies of the ICD electrons. We note that in both excitation schemes, only a fraction of a percent of the total decay rate 19 is accounted for by the participator Auger channel, which does not result in ICD; in contrast, the spectator Auger final states, which do undergo further ICD, comprise about 75% of the total population in the case of the 2p {1 1=2 4s parent excitation and more than 95% in the case of the 2p {1 3=2 3d parent excitation. In other systems, such as the molecular dimers experimentally shown to undergo RA-ICD in the companion paper to this one 20 , these and other details may of course differ; but the basic underlying mechanism of the RA-ICD cascade will be similar to what we have shown for ArKr.
The ability to control the location and energies of ICD electrons by core-exciting selected atoms to different parent states suggests that the RA-ICD cascade could serve as the foundation for a promising analytical technique. Intriguing possibilities may arise from the fact that the method combines intramolecular Auger decay, which produces Auger electrons that can be used to study the electronic structure of the molecule at the excitation site, with intermolecular, neighbour-involving ICD, which produces electrons that can be used to probe the local environment (Fig. 1b) . In the latter regard, RA-ICD may seem similar to the multiatom resonant photoemission effect suggested to be sensitive to the local chemical environment of an atom in a crystal 21 . Although that effect is also initiated by a core excitation, it involves a single interatomic deexcitation step that results in core-electron emission from a neighbouring atom. But this interatomic decay mode is strongly suppressed 22 and is thus difficult to use, owing to the strong competition of the resonant Auger process in the primary excited atom. In contrast, the final ICD step of the RA-ICD cascade in atomic systems has no competitor (except for the much slower radiative decay) and the whole process is extremely efficient. Even in molecular systems, where additional relaxation modes involving nuclear dynamics are present, the ICD process remains very effective 2, 20 . In closing, we note that radiation-induced DNA damage is generally attributed to electrons with energies less than 500 eV (ref. 23) and to radical species 24 . Some radiotherapy approaches incorporate high-atomicnumber elements as Auger-electron emitters 25,26 into DNA, for the targeted production of genotoxic electrons thought to arise from the local Auger cascade in the high-atomic-number element. However, a large number of interatomic decay channels will be open in a high-atomicnumber Auger-electron emitter placed in an environment as complex as DNA and its solvation shell. Indeed, the probability of ICD-like processes 27,28 taking place in this system and simultaneously generating genotoxic electrons and radical cations will be very high and ought to be considered (Methods). We also note that the RA-ICD cascade is more efficient and selective in producing genotoxic species than are traditional A parent core-excited state embedded in the environment decays locally by the spectator resonant Auger process, producing highly excited valence-ionized states. These states continue to decay by ICD, ionizing the neighbours in the environment. The two cations produced by ICD repel each other and undergo a
Coulomb explosion (not shown). b, Selectivity property. The parent state is produced selectively in a given atom of the embedded system. The excited valence-ionized states formed in the resonant Auger process tend to be localized at the site of the initial excitation and decay by ICD, ionizing predominantly neighbours from the environment nearest to this site.
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photon-activated techniques that initiate the Auger cascade through K-shell ionization 26 . In particular, the site-and energy-selectivity of the resonant core excitation process make it possible to tune the energies of the slow electrons generated. This feature might prove useful in optimizing radiotherapy efficiency. It has been shown 29,30 that electrons with energies between 0 and 4 eV predominantly induce single-strand breaks in DNA, and that the more damaging double-strand breaks are more efficiently produced by electrons with energies greater than 6 eV. We believe that a detailed mechanistic understanding of DNA lesions, in conjunction with the tunability of RA-ICD, could offer enough control over radiation-induced cell damage to lead to efficient cancer therapies.
METHODS SUMMARY
The ICD lifetimes of the involved states were computed using an ab initio manybody method. This method is based on the general Fano resonance formalism, in which the initial decaying state is represented as a bound (discrete) state embedded in the continuum of final states of the decay. The L 2 approximations for the discrete and continuum components of the (N 2 1)-electron wavefunction are obtained within the Green's function in the algebraic diagrammatic construction (ADC) approach, and the resulting discretized spectrum is renormalized and interpolated in energy using the Stieltjes imaging technique. The potential energy curves of the initial and final ICD states were modelled using atomic data. The final ICD-electron spectra were obtained by convolving the discrete electronic transitions with an appropriate Gaussian profile.
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METHODS
Identifying open ICD channels. After the excited valence-ionized states of ArKr have been populated by resonant Auger decay of the 2p {1 1=2 4s or 2p {1 3=2 3d parent excitation of Ar, they can further decay by ICD that can be identified in the following simple way.
As the parent excitation and the following resonant Auger process are ultrafast (the resonant-Auger lifetime in the studied cases is only 5.5 fs (ref. 18)), the Auger transitions take place at equilibrium internuclear distance of the neutral system, R eq 5 3.88 Å . Therefore, the states that can further decay by ICD are those whose energies at around R eq are larger than the energies of the final Ar 1 Kr 1 states of the ICD process. To determine the relevant energies at around R eq , we first make use of the fact that bound excited valence-ionized states of van der Waals dimers are known to be very shallow, having dissociation energies in the millielectronvolt range 31 . Therefore, the potential energy curves of the Ar 
Kr
1 states of ICD determines the 1/R asymptotic behaviour of the corresponding potential energy curves. As shown in our previous studies 32, 33 , analytical curves based on the Coulomb law and calibrated at infinite internuclear distance to the sum of the energies of the corresponding atomic fragments 34 give reliable values for the energies of these states around R eq .
In Extended Data Fig. 1 , we depict the energy diagram of the excited valenceionized states of ArKr most populated in the resonant Auger decay of the 2p 
1 states populated by the ICD is shown in Extended Data Fig. 2 . We see that all the excited valence-ionized states produced by the resonant Auger process can further decay by ICD around R eq . Evaluation of the ICD rates. To see whether the ICD is an operative mode of relaxation of these ionized excited states, we need to compute the ICD rates or, equivalently, the ICD lifetimes. For the evaluation of the ICD lifetimes, we used an ab initio many-body approach. The method is well documented in the literature 35 and is based on the general Fano resonance formalism 36 , in which the initial decaying state is represented as a bound (discrete) state embedded in and interacting with the continuum of final states of the decay. The L 2 approximations for the discrete and continuum components of the (N 2 1)-electron wavefunction are obtained within the Green's function in the ADC approach 37 , and the resulting discretized spectrum is renormalized and interpolated in energy using the Stieltjes imaging technique 38 . The Green's function calculations were performed using large basis sets. Both effective core potential ECP.Dolg.6s6p3d1f.4s4p3d1f.8e-MWB (ref. 39 ) and standard Dunning aug-cc-pVQZ (refs 40, 41) basis sets with additional diffuse and distributed functions were used as an input data, giving very similar results for the lifetimes.
Each state produced by resonant Auger decay and decaying by ICD has been found to have its own individual lifetime. The ICD lifetimes of the various Ar 4d)Kr satellites are between 600 fs and 2 ps. We see that indeed the ICD is efficient and will be the primary relaxation mode of the states produced by the resonant Auger transition. This is also confirmed by the recent measurements 20 of the RA-ICD cascade in (N 2 ) 2 and (CO) 2 showing that the ICD takes place before the excited molecule is able to undergo dissociation, suggesting a timescale of ,10 fs for the ICD process. Notably, the ICD rate strongly increases with the increase of the number of neighbours 42, 43 , making the ICD in larger clusters, as well as in biological media, an extremely efficient mode of relaxation. ICD electron spectra after RA-ICD cascade in ArKr. From the generally high efficiency of the ICD process, we can estimate the ICD electron spectra assuming that the whole cascade takes place at the equilibrium distance. This assumption is strongly supported by the measurements 20 on the process in N 2 and CO dimers, which show that the whole cascade takes place at the equilibrium distance of the dimer. Within this approximation, the ICD-electron spectrum will consist of discrete lines with positions corresponding to the energy differences between the initial and final states of the ICD process, and heights reflecting the population of the given decaying state and the multiplicity of the final one. For the two studied cases, the ICD-electron spectra obtained in this way have been plotted in Fig. 2 . We see that, for the 2p {1 1=2 4s parent state, the spectrum has two peaks: a pronounced peak between 0 and 1 eV and a weaker peak between 2 and 4 eV (Fig. 2a) . For the 2p {1 3=2 3d parent state, the spectrum again consists of two peaks but in different energy regions: a peak between 3 and 5 eV and another between 6 and 8 eV (Fig. 2b) . Comparing the spectra, we notice that a small change in core-excitation energies leads to totally different energies of electrons emitted in the ICD. In both cases, the final ICD products, Ar 1 and Kr
1
, will repel each other, resulting in a Coulomb explosion. At the end of this dissociative process, the ions will acquire a kinetic energy of 3.7 eV. This energy can be directly measured in dimers, resulting in the 'kinetic energy release spectrum' 2 . In the frozen-nuclei approximation, this spectrum would consist of a single line at 3.7 eV. As for the ICD-electron distribution (see below), the nuclear motion will introduce a broadening of this line.
The spectra of discrete lines shown in Fig. 2 reflect only the electronic degrees of freedom. We can take a step further and account for the vibrational broadening that the initial distribution of the positions of the nuclei in the neutral will introduce. This initial distribution is given by a wave packet (essentially a Gaussian) that is centred at R eq and has a width of about 0.4 Å . Therefore, to account for the vibrational broadening, each discrete line in Fig. 2 has to be convolved with a Gaussian with a full-width at half-maximum of 1.4 eV. This value reflects the width of the wave packet (0.4 Å ) in the electronic ground state of ArKr. The results of this procedure are shown with continuous lines in the electron spectra in Fig. 2 . We note that, despite its simplicity, this procedure for obtaining ICD-electron spectra usually gives reliable results. For instance, the ICD-electron spectrum of a water dimer 44, 45 obtained using this procedure is in fairly good agreement with the experimental results
.
We also note that computing highly accurate ICD electron spectra for the RA-ICD cascade in ArKr is beyond the scope of the present paper. The emphasis here is put on uncovering the potential that this cascade offers for larger systems. The example of ArKr is used only to illustrate the high degree of control with which low-energy electrons (LEE) and radical cations can be produced. Both low-energy electrons and radical cations are known to be important in radiation biology, because they induce DNA lesions. Additional sources of ICD electrons. Relaxation of a core-excited high-Z element embedded in a biological medium will result in ICD-electron emission in the terminal step of an RA-ICD cascade, but other ICD processes can be a source of additional genotoxic electrons. Here we briefly discuss some of these possibilities, noting that all ICD processes simultaneously produce an ICD electron and a radical cation that both contribute to the DNA damage 24 . One type is core-ICD processes. For Auger cascades taking place in an environment, the emission of Auger electrons is accompanied by the emission of electrons by the core-ICD process, in which the parent excitation decays not in a local Auger cascade step but by interatomically ionizing the environment. Therefore, at each step of the corresponding cascade, the energy release accompanying the core transition on the parent species can either be used to ionize it (Auger process) or be transferred to the environment to ionize a neighbour instead (core-ICD process). The core-ICD process was experimentally observed both after core excitation 27 and after core ionization 28, 46 , with core ionization of solvated metallic ions shown 46 to follow decay pathways where the core-ICD/Auger branching ratio reaches values as high as 40%. More relevant for the present discussion, the core excitation of OH 2 aq was found 27 to relax through the core-ICD process with neighbouring water molecules, with the local Auger decay completely suppressed. This outstanding efficiency of the core-ICD process has been explained 4 by the pronounced overlap between the molecular orbitals located on the parent species and the outer valence orbitals of the water molecules in the solvation shell.
It may also happen that in the Auger cascade in the parent species some CosterKronig transitions are energetically forbidden and do not appear in the cascade. In an environment such transitions may, however, become allowed and proceed by ionizing the neighbours. For example, the ionization of 2s electron of the isolated Na 1 , Mg 21 and Al 31 ions does not lead to the electronic decay of the resulting states. The energy of the 2p R 2s transition is not sufficient to remove an additional electron from the ions. In aqueous solutions, new interatomic decay channels open owing to the presence of neighbours, because the energy released in the 2p R 2s transition is sufficient to ionize the water molecules. By analysing the photoelectron spectra of the hydrated ions, it has been shown 47 that the lifetimes of the respective 2s ionized states are between 3 and 1 fs, indicating that the process is, surprisingly, highly efficient. Another relevant observation on high-Z cascades is that the rates of these core-ICD transitions tend to increase with increasing charge on the parent ion 28, 47 . A large number of interatomic decay channels will open if a high-Z Auger electron emitter is placed in an environment as complex as DNA and its solvation shell. At each step of the cascade, the probability of a core-ICD process occurring can become considerable owing to the large number of neighbours and the high charge accumulated RESEARCH LETTER on the parent high-Z element. Each Coster-Kronig-like core-ICD transition contributes an additional ICD electron. All together, the total number of ICD electrons in such a cascade can be substantial.
Another possible source of genotoxic electrons is ICD processes triggered by electron impact. It is generally accepted within the radiation biology community that the genotoxic electrons are those with energies below 500 eV (see, for example, ref. 23). Electrons with energies below 15 eV have been shown to generate DNA lesions by means of dissociative electron attachment 29, 48 , but how electrons with higher energies induce DNA strand breakage remains an open question. A plausible scenario is that these electrons further ionize the environment (water or the DNA itself) and trigger more ICD events, thus producing additional low-energy electrons. Indeed, electron scattering experiments have shown that inner-valence states can be efficiently ionized by electron impact: in the case of water, the ionization cross-section for the inner-valence 2a 1 orbital by electrons with an incident energy of 250 eV is larger than the cross-section for ionization of all three outer valence orbitals together 49 , with experiments indicating that this holds also for other molecules 50 . These inner-valence ionized (or excited) states produced by electron impact can then efficiently decay by ICD ionizing their environment 2 , suggesting that the genotoxic effect of high-Z elements used as Auger emitters is at least partly due to follow-up ICD processes initiated by the Auger electrons.
We note that a similar idea has been discussed 51 to explain the effect of secondary electrons with energies above about 35 eV produced by heavy-ion impact, which can efficiently ionize the 2a 1 orbital of a water molecule in the DNA solvation shell and thereby trigger an ICD process. The resultant simultaneous presence of three slow electrons (secondary, inner-valence ionized and ICD) in the vicinity of a DNA was suggested 51 to be very effective in inducing strand breakages. We therefore conclude that, irrespective of whether energy is deposited in the system by photons, electrons or ions, ICD will be triggered and will contribute to the DNA damage.
